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Abstract 

All elements of the Relativistic Heavy Ion Collider (RHIC) 
have been installed in ideal survey locations, which are de- 

fined as the optimum locations of the fiducials with respect 
to the positions generated by the design. The alignment 
process included the presurvey of all elements which could 
affect the beams. During this procedure a special attention 

was paid to the precise determination of the quadrupole 
centers as well as the roll angles of the quadrupoles and 
dipoles. After installation the machine has been surveyed 
and the resulting as-built measured position of the fiducials 
have been stored and structured in the survey database. We 

describe how the alignment errors, inferred by comparison 
of ideal and as-built data, have been processed and ana- 
lyzed by including them in the RHIC modeling software. 
The RHIC model, which also includes individual measured 
errors for all magnets in the machine and is automatically 
generated from databases, allows the study of the impact of 
the measured alignment errors on the machine. 

1 MEASUREMENT TECHNIQUES 

The centers of the RHIC quadrupoles were determined in 
two ways: by ferrofluidic colloidal cell and by antenna 

measurements. The colloidal cell [1] uses a collimated 

light passing through two polarizers at the opposite sides 
of the magnet. This light cannot be seen with the tele- 
scope if there is no magnetic field around the cell. In the 
presence of field, small particles in the colloidal solution 
orient themselves along the magnetic field lines producing 
the field picture at the telescope. The antenna [2] [3] is 
a special coil harmonic with several windings to measure 

harmonic and feed down terms. Fiducials are placed on the 
antenna to locate the magnetic centers relative to the mag- 

net fiducials. 

Information about the survey instruments and data col- 

lection can be found in [4]. 

2 FINDING THE OPTIMAL MAGNET 
POSITIONS 

A set of programs have been developed to ensure that all 
RHIC magnets are installed as close as possible to their de- 
sign position, in the “ideal” position, [5]. Mechanical and 
optical survey data are collected, structured in a relational 
database (SYBASE) and analyzed. For all magnets, the 
mechanical roll angle measurements were very well cor- 
related with the field roll measurements. The cold mass 
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jiducials, welded near the ends of the laminations, are ac- 

cessible during optical survey in the production phase and 
duringmagnet positioningin the tunnel. The position ofthe 

cold mass fiducials are located with respect to the cryostat 
jiducials and to the horizontal gravitational plane. We will 
describe in more detail what has been done for the main 
magnet systems, dipoles and quadrupoles, with particular 
emphasis on the Interaction Region quadrupoles. 

Arc dipoles have 4 cold mass fiducials. The dipole mag- 
net centers were determined by a combination of the opti- 
cal survey and mechanical dial gauge indicator measure- 
ments. The roll of the dipoles was controlled by a com- 
bination of the rotating coil measurements and the optical 
survey measurements. The field angle of the dipoles is de- 
termined by the rotating coil measurements with respect to 
the gravitational plane. The optical survey measurements 
were performed at room temperature with only a few mag- 
nets measured at 4 K. The warm to cold correlation for the 

field angle has a standard deviation of 0.20 mrad. The sy- 
atematic error as well as the reproducibility of the measure- 
ment is estimated to be f0.2 mrad. 

Arc quadrupoles have also 4 fiducials and their mag- 
netic centers were determined by the best linear fit over a 
few positions along the length of the magnets. This was 
used to define the beam axis vector. The systematic error 
in the location of the quadrupole magnetic center along the 
magnets, measured by two methods (cell and antenna), was 
estimated to be within -f60pm. 

Special attention was paid to the properties and align- 
ment of the Interaction Region (IR) magnets, the strong 
focusing quadrupoles (triplets), dipoles, and harmonic cor- 
rectors since the IRS dominate the beam dynamics at stor- 

age. There are three packages of multi-layer correction 
magnets between the triplet magnets [3]. Two are directly 
attached to 43 while one is attached to the Q2 magnet. Q 1, 
the shorter cold mass, has 4 fiducials, 42 and Q3 respec- 
tively have 10 and 12 fiducials since they are longer and at 
a more critical position. The quanties relevant to the align- 
ment and positioning of the IR assemblies are summarized 
in Table 1. Mechanical measurements such as the sag and 

Table 1: Measured quantities in IR assemblies 

Mechanical Correction package Survey data 

Sag FA between layers QC along length 

Roll angle FA to quad FA along length 

CM fiducials FC along length CM fiducials 

CM length FC each layer CR fiducials 
BPM offset 



roll angle along the length,the cold mass (CM) fiducials 
with respect to the mechanical center, and the CM length 

from end plate to end plate were taken during production. 
The second column lists quantities relevant to the correc- 
tion package assembly, the field angle (FA) between layers, 
the residual FA relative to the quadrupole FA, the position 
of the field centers (FC) along the length, the position of 
FC of each layer. The third colums lists survey and field 

data, the quadrupole center (QC) and FA along the length, 
the CM fiducial and cryostat (CR) fiducials in the local co- 

ordinate system. Table 2 shows the average FA and stan- 
dard deviation for the IR triplet and special dipoles. Table 
3 shows the standard deviations of the magnetic centers for 
the same magnet assemblies, radial, along the magnet axis 
and vertical respectively. The positions of the two beam 

Table 2: Measured Field Angle for RHIC IR assemblies 

Magnet FA mean [rad] FA sigma [rad] 

CQ1 -0.001101 0.001227 

CQ2 -0.000553 0.001013 

CQ3 -0.000726 0.001219 
DO+ -0.000385 0.00093 1 

DO- -0.000476 0.000924 
DX -0.001236 0.000768 

Table 3: Measured magnetic centers for RHIC IR assem- 
blies Magnet x [in] Y [inI z[in] 

CQ1 0.0178 0.1086 0.0092 
CQ2 0.0965 0.0783 0.0182 
CQ3 0.0929 0.0710 0.0196 

DO+ 0.3278 0.0288 0.0106 
DO- 0.3165 0.0285 0.0148 
DX 0.1554 0.1101 0.0285 

position monitors (BPM) were also measured with respect 
to the quadrupole centers by a separate RF antenna sys- 
tem. The accuracy of the BPM position with respect to the 
outside fiducials is estimated to be &O.l3mm. The survey 
and alignment of the high beta elements were performed by 
using eight theodolites at the same time, electronically con- 
nected to a portable computer. Adjustments of the magnet 
positions are performed until the difference between the re- 
quired and established positions in readings of at least four 
instruments are less than f25 pm. Other details about the 
surveying procedure were presented elsewhere [4]. 

3 ANALYSIS OF RHIC MISALIGNMENT 

Magnets were installed in their ideal positions, as deter- 
mined by the ideal fiducials. Once installed, all magnets 
have been surveyed and the real position of the fiducials 
have been measured (as-built fiducials). For each magnet 
we calculate the difference (delta) between the ideal and 
the as-built values at each fiducial, and we define as magnet 

misalignment the average over the deltas. The goal of the 
analysis is to evaluate the impact of the misalignment on 

the machine performance, notably the closed orbit, to es- 
tablish if the dipole corrector system is able to compensate 
for it and to recommend resurveying of specific magnets if 

necessary. We pursued two methods of analysis: the first 
directly correlates the errors to the strengths of neighbor- 
ing corrctors as a first check. The second includes the same 

misalignment data in the detailed model of RHIC allowing 
the first turn and the correction of the closed orbit to be re- 
alistically simulated. The analysis of the vertical alignment 
will be described in the following, the horizontal analysis 

is work in progress. 

3.1 Correlation of errors to correctors 

Figure 1 shows the vertical alignment for both Yellow and 

Blue RHIC rings. These main cause of errors is ground 
settlement in the tunnel. The correlation between Blue 
and Yellow is very good. Although the data exibit long 

wavelength oscillations, the real source of the beam orbit 
perturbation are short range local irregularities or spikes 
corresponding to big relative misalignments of individual 
quadrupoles. In order to quantatively characterize the 
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Figure 1: Vertical misalignment data for quadrupoles 

strength of the orbit perturbation produced by the errors 
we used the concept of effective corrector strength. That 
is, the value of the corrector strength, (adjacent to the 
quadrupole) which is required to locally correct the beam 
orbit. This involves the relative misalignments of 3 neigh- 
boring quadrupoles. Figures 2 and 3 show the effec- 
tive corrector strengths expressed in terms of the orbit kick 
angle for vertically misaligned quadrupoles. The dashed 
lines mark the effective region (f90prad) inside which we 
would like to limit the corrector strength at top energy. The 
required strengths in the region between 3000 m and 4000 
m is notably worse than in other areas. Quadrupoles here 
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its assigned to all measured magnets in the ring. The RHIC 
model is automatically generated from the lattice, magnet 

and survey databases by a collection of stored procedures, 

C++ code, and Per1 scripts. We extended the model to in- 
clude the measured misalignments by assigning the data to 
the magnets via a filter that reads, manipulates and writes 
out a RHIC SXF file. The resulting machine has been sim- 
ulated by TEAPOT++ with particular focus on the first turn 
and closed orbit correction. The study confirmed that the 
measured alignment errors in RHIC can be handled by the 
closed orbit correction system. Figure 4 is an example of 
the vertical beam orbit during the first turn before and after 
correction (by the sliding bump method system that will be 

used for real first turn steering in RHIC [6]). 

Figure 2: Effective corrector strengths for the Blue Ring 

were the first to be installed, and on the basis of the present 
analysis the magnets in this sector have been realigned. A 
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Figure 3: Effective corrector strengths for the Yellow ring 

good example is the point in Figure 3 that requires about 
-350prad corrector strength, far beyond the available cor- 
rector strength at the top energy. This quadrupole, 004Q20 
needed to be realigned by about 3 mm . It is remarkable that 
the same realignment value was calculated on the basis of 

beam loss monitor data taken with beam during the RHIC 
sextant test [7]. 

3.2 Modeling of RHIC 

A software model has been developed for RHIC that uses 
UAL [ 81, a modular environment which provides an accel- 
erator object model and physics libraries interfaced via Per1 
Scripts, and SXF [9], an ascii external machine representa- 
tion which includes errors together with lattice information. 
The model includes individual measurement field harmon- 
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Figure 4: Correction of the vertical orbit (first turn). 

4 CONCLUSIONS 

The positioning of all magnets in RHIC has been optimized 
and all magnets have been eventually surveyed. The im- 
pact of the measured vertical misalignment on the closed 
orbit was found, after resurveying of a few quadrupoles, in 
within the capability of the dipole correction system. 
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